(-)-α-Bisabolol (BISA) is a sesquiterpene alcohol, which has with several recognized biological activities, including anti-inflammatory, anti-irritant, and antibacterial properties. In the present study, we investigated the influence of BISA (5, 25, and 250 µM) on rotenone (500 µM)-induced toxicity in Drosophila melanogaster for 7 days. Dietary supplementation with BISA affected the expression of SOD mRNA only at a concentration of 250 µM, and did not affect any other parameter measured. In conclusion, our results showed a protective effect of BISA on rotenone-induced mortality and locomotor deficits in Drosophila; this effect did not correlate with mitochondrial complex I activity, but may be related to the antioxidant protection afforded by eliminating superoxide generated as a result of rotenone-induced mitochondrial dysfunction.
D r a f t 1
Protective effect of (-)-α-Bisabolol on rotenone-induced toxicity in
D r a f t 2 significant change in stress response factors; it decreased thiol levels, inhibited mitochondria complex I, and increased the mRNA expression of antioxidant marker proteins such as superoxide dismutase (SOD), catalase (CAT), and the keap1 gene product. Taken together, our findings indicate that the toxicity of rotenone is likely due to the direct inhibition of complex I activity, resulting in a high level of oxidative stress.
Dietary supplementation with BISA affected the expression of SOD mRNA only at a concentration of 250 µM, and did not affect any other parameter measured. In conclusion, our results showed a protective effect of BISA on rotenone-induced mortality and locomotor deficits in Drosophila; this effect did not correlate with mitochondrial complex I activity, but may be related to the antioxidant protection afforded by eliminating superoxide generated as a result of rotenone-induced mitochondrial dysfunction.
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Introduction
(-)-α-Bisabolol (BISA), a volatile monocyclic sesquiterpene alcohol, is a naturally occurring constituent of the essential oil of several plants of the Asteraceae family. BISA is widely used in dermatological and cosmetic formulations (Gomes-D r a f t 3 2009; Rocha et al. 2011a; Leite et al. 2016) , antimutagenic activity (Gomes-Carneiro et al. 2005) , wound healing properties (Villegas et al. 2001) , and inhibitory actions on α7-nicotinic acetylcholine receptors (Nurulain et al. 2015) . Based on this broad spectrum of effects and due to its protective effects against diverse chemical and biological insults, BISA may be a potential neuroprotectant, among its many other functions.
Chronic, systemic exposure to rotenone has been used in animals to model
Parkinson's Disease (Betarbet et al. 2000) . Rotenone, a widely used natural pesticide, is a complex ketone derived from the roots of Lonchocarpus species, and is a high affinity specific inhibitor of mitochondrial NADH dehydrogenase (complex I) (Uversky 2004).
Exposure of adult Drosophila to sublethal doses of rotenone in the diet over 7 days causes concentration-dependent locomotor deficits, dopaminergic specific neuronal loss, and a reduction in dopamine levels in adult flies (Coulom and Birman 2004) .
The rotenone-based model has been broadly and successfully used by researchers to screen putative neuroprotective phytochemicals (Chaudhuri et al. 2007; Ravikumar et al. 2009; Sudati et al. 2013 ). In addition to disrupting electron transport by inhibiting mitochondrial complex I, rotenone causes oxidative damage in D r a f t
(reduction, refinement, and replacement) of laboratory animal use in toxicity and testing studies (Benford et al. 2000) . D. melanogaster have been effectively used to investigate the underlying mechanisms in the pathophysiology of numerous neurological and nonneurological human diseases (Nichols 2006; Pandley et al. 2011; Adedara et al. 2015) and are widely used to assess the therapeutic potential of phytochemicals.
Based on our findings on the antioxidant activity of BISA (Leite et al. 2016) , we hypothesized that BISA could prove to be protective in neurotoxicity models.
Therefore, we used rotenone-induced toxicity in a D. melanogaster as our test model. In the present investigation, we examined the ability of BISA to modulate rotenoneinduced death, locomotor deficits, induction of antioxidant biomarkers, and mitochondrial dysfunction in D. melanogaster.
Materials and Methods

Drosophila stock
D. melanogaster (Harwich strain) used in the present investigation were obtained from the National Species Stock Center (Bowling Green, OH, USA). The flies were reared in vials containing 3 mL agar medium (2%, w/v sucrose; 1%, w/v brewer's yeast; 1%, w/v powdered milk; 1%, w/v agar; 0.08%, v/w nipagin) at constant temperature and humidity (23 ± 1 ºC and 60% relative humidity, respectively) with a 12-hour light and dark cycle. All experiments were performed using the same strain.
Experimental Procedure
Rotenone Exposure and (-)-α-Bisabolol Treatment
Flies (1-2 days old, male and female) were divided into eight groups: (1) control; (2) rotenone (500 µM); (3, 4, and 5) BISA (5, 25, and 250 µM, respectively); and (6, 7, and 8) BISA (5, 25, and 250 µM, respectively) plus rotenone (500 µM). Rotenone (dissolved in ethanol 98%) and BISA were added into the fly food. The volume of ethanol in the food was limited to 1%. Two controls were used (with and without ethanol). However, only the ethanol control is shown in the results because there was no statistical difference among the groups for any of the parameters evaluated. The flies were exposed to the treated food for 7 days (Sudati et al. 2013 ) and the vials maintained in an incubator at 23 ± 1 ºC until being processed for various assays. The BISA concentrations were based on previous observations showing that BISA in the range of 5-500 µM did not cause overt signs of toxicity to flies (data not shown).
Survival Rate
The vials were scored daily for mortality. The survival rate was based on the living fly count each day over the 7-day experimental period, and the survivors were transferred to freshly prepared food. The number of flies in the final calculation represents the sum of three independent experiments (25 flies/treatment/repetition).
column. The flies that reached the top portion of the column (6 cm) and the flies that remained at the bottom were counted separately over 6 s. The scores represent the mean of the numbers of flies at the top (n top ) as percentage of the total number of flies (n tot ).
About 10 flies per group from three independent experiments were included in the negative geotaxis assay (30 flies).
Quantitative Real-Time RT-PCR and Gene Expression Analysis
Approximately 2 µg of total RNA from 25 young flies was extracted using TRIzol® Table   I ). The mean ∆C T value obtained from the control group for each gene was used to calculate the ∆∆C of the respective gene (2 -∆∆CT ).
Thiol Determination
The total thiol content was determined based on a spectrophotometric method using
Ellman's reagent, DTNB (5,5'-dithiobis-(2-nitrobenzoic acid).
Mitochondrial Complex I
Preparation of Drosophila melanogaster Mitochondria
The treated D. melanogaster were homogenized in a Potter homogenizer in homogenization medium (250 mM sucrose, 5 mM Tris-HCl, 2 mM EGTA, 0.1% albumin pH 7.4). The homogenate was centrifuged at 1,000g for 3 min at 4 ºC, and the supernatant fraction was then centrifuged at 12,000 g for 10 min to pellet the mitochondria, which were washed once by resuspension and centrifugation under identical conditions (Miwa et al. 2003) . Total protein content was adjusted to 20 mg/mL (Peterson, 1977) , and the samples were immediately frozen and kept at -80ºC.
Mitochondrial Complex Activity Assay
The activity of complex I was determined spectrophotometrically at 30 ºC using mitochondria prepared as above and suspended in 100 mM phosphate buffer (pH 7.4) as previously described (Navarro et al. 2002 (Navarro et al. , 2004 . The reaction was initiated by addition D r a f t 8 of NADH at a final concentration of 100 µM, and the enzymatic activity was determined by following the decrease in absorbance at 340 nm (Puntel et al. 2013 ).
Western Blot Analysis of tyrosine hydroxylase
Flies were homogenized at 4 °C in 500 µL of lysis buffer (4 % sodium dodecyl sulfate (SDS), 2 mM EDTA, 50 mM Tris, 0.5 mM sodium orthovanadate, 2 µg/mL aprotinin, 0.1 mM benzamidine, 0.1 mM PMSF). Samples were boiled for 6 min and centrifuged at 1.000g at 4 °C for 10 min. The protein concentration was determined in the supernatant fraction using the method of Lowry. The samples were then mixed with 25% glycerol and 8% 2-mercaptoethanol and resolved by 10% SDS-PAGE. Aliquots of the samples were transferred onto a nitrocellulose membrane (Millipore, USA). The membrane was stained for protein using Ponceau solution (0.5 % Ponceau plus 5 % glacial acetic acid in water), to monitor loading (Romero-Calvo et al. 2010) . After staining, the membranes were dried and protein quantified by scanning. The membranes were then processed, blocked with 1% bovine serum albumin, and incubated overnight with an anti tyrosine hydroxylaxe antibody (1:10000; Millipore). Thereafter, the membranes were incubated with alkaline phosphatase-coupled secondary antibody
(1:10000; Millipore, USA). The amount of enzyme present was determined by following the reaction colorimetrically using nitro blue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) as a substrate (Trevisan et al. 2013) and the values were normalized to the protein concentration based on that determined by Ponceau staining.
Statistical Analysis
Statistical analysis was performed using statistical analysis for censored data: Logrank (Mantel -Cox) test to survival curve, or one-way ANOVA, followed by NewmanKeuls Multiple test for another results. The difference among the groups was considered to be significant when p <0.05.
Results
Effect of (-)-α-Bisabolol on the Survival of Flies Exposed to Rotenone
Log -rank Test demonstrated that survival curves are significant different, with p < 0.001. Acute exposure to rotenone caused an increase in the mortality of flies when compared to the no treatment (control) group. BISA treatment offered protection, at all concentrations tested (Figure 1 ). Further, the BISA (5, 25, and 250 µM) only treated groups did not show any difference from the no treatment control group.
Effects of (-)-α-Bisabolol on Rotenone-induced Locomotor Deficits
Rotenone treated flies exhibited severe motor impairment, and BISA significantly improved the performances of flies in the negative geotaxis test. In general, flies treated with added BISA appeared to be more active than rotenone alone treated flies. Further, BISA alone had no significant effect on motor behavior among the groups of flies (Figure 2 ). D r a f t
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(1.7 fold) ( Figure 3C ). BISA significantly reduced SOD mRNA expression only at the 250 µM concentration ( Figure 3B ).
Effect of (-)-α-Bisabolol on Thiol Content in Homogenates of Flies Exposed to Rotenone
Rotenone exposure significantly reduced the total thiol content in flies as compared to the control group (Figure 4 ). The presence of BISA was not found to ameliorate the effect of rotenone on thiol content.
Effect of (-)-α-Bisabolol on Complex I Activity of Flies Exposed to Rotenone
BISA alone had no effect on complex I activity as compared to that in the control group.
However, among the groups of rotenone treated flies, significant inhibition was evident.
Furthermore, the activity level of complex I was not different in groups of flies concurrently treated with BISA than that in groups treated with rotenone alone ( Figure   5 ).
Effect of (-)-α-Bisabolol on Cell Signaling
We evaluated the expression of the target protein involved in dopaminergic system signaling, tyrosine hydroxylase (TH), as a possible mechanism of BISA action. As demonstrated in Figure 6 , BISA produced no change in the expression of TH compared to that in the control group. Furthermore, the basal levels of TH remained unaltered in groups of flies exposed to the rotenone and treated concurrently with BISA ( Figure 6 ). D r a f t
Discussion
Using Drosophila as a model system of neurological damage, our data show significant protective effects of BISA against mortality and locomotor deficits elicited by rotenone. Our previous findings had led us to hypothesize that BISA was potentially counteracting the well documented toxicity mechanism related to rotenone, namely inhibition of complex I activity followed by oxidative stress-mediated cell death It is a well known for its high sensitivity to toxic substances and is being considered a model for detection of pollutants and widely employed as a model to assess the therapeutic potential of phytochemicals.
To follow up, we focused the present investigation on specific molecular/biochemical pathways in an attempt to better elucidate the mechanism by which BISA may block the deleterious effects of the pesticide. As expected, rotenone strongly inhibited complex I activity. Moreover, we found evidence that flies treated with rotenone mounted a response to oxidative stress, as evidenced by the increase of The present research demonstrated that rotenone exposure significantly increased the mortality of flies. This observation is supported by findings of previous studies where rotenone caused high mortality among flies during a 7-day exposure period (Ravikumar et al. 2009 (Ravikumar et al. , 2010 Sudati et al. 2013 ). However, supplementation of BISA in the diet reversed the rotenone-mediated toxicity and decreased mortality.
In addition, rotenone induced toxicity is accompanied by a high rate of locomotor deficits, and concurrent exposure to BISA significantly improved the performances of flies in the negative geotaxis test. Flies with locomotor deficits have the tendency to stay at the bottom of a glass column and appear not to be able to coordinate their legs in a normal fashion. This behavior has been explained by severe D r a f t 13 complex I inhibition. High energy expenditure is a requirement of ambulatory and flight muscles, but rotenone exposure can cause loss in complex I activity ( Figure 5 ) leading to a decrease in the rate of energy production as well as causing increased oxidative stress at the mitochondrial membrane. Ravikumar (2009) attribute the locomotor deficits caused in rotenone-exposed flies to uncoupling of the mitochondrial machinery (severe damage in complex I) and neurodegeneration. In the insect, rotenone induced neurotoxicity is attributed to the unique sensitivity of dopaminergic neurons to reactive oxygen species and oxidative damage. In our work, rotenone caused complex I activity loss, however, its effects on the dopaminergic system was not clear, and, although BISA protected against the effects of rotenone, its mechanism of action is also unclear. We suggest that it is related to its ability to counteract free radicals produced as a result of the damage to complex I.
In previous studies, flies exposed to rotenone had significantly elevated levels of antioxidant enzymes, and that correlated to the increased ROS generation and formation of toxic aldehydes (Ravikumar et al. 2009 and . Excessive ROS generation can cause lipid peroxidation; mitochondrial dysfunction; and damage to proteins, lipids, and nucleic acids; thereby, altering normal functions of the cell (Valko et al. 2007 ) and lead to cell death and mortality of the host. Thus, excessive ROS generation can be related to rotenone-induced loss of complex I activity. Complex I, also known as NADHubiquinone oxidoreductase, is the first step in the transfer of electrons from NADH to the electron-transport chain during biochemical respiration. Rotenone uncouples electron transport at the complex I site leading to ROS production (Cassarino et al., 1997; Barrientos and Moraes, 1999; Kushnareva et al., 2002) . Our data demonstrated that rotenone inhibited complex I, however, BISA failed to protect against loss of D r a f t activity. Apparently, instead BISA counteracts the effects of ROS generation when complex I is inhibited by rotenone. Thus, BISA ameliorates the downstream damage through an antioxidant mechanism.
In additional experiments, we observed that rotenone increased CAT, SOD and keap1 mRNA expression, which may represent a compensatory response to oxidative insults. The Keap1-Nrf2 pathway is the major regulator of cytoprotective responses to endogenous and exogenous stress caused by various oxidants and electrophilic agents.
Keap1 is a repressor protein that binds to Nrf2 and promotes its degradation.
Furthermore, Nrf2-bound Keap1 is inactivated. Nrf2 augments a wide range of cell defense processes, thereby enhancing the overall capacity of cells to detoxify potentially harmful molecular assaults (Kansanen et al. 2012) . Additionally, Satoh et al (2009) showed that cortical neurons with keap1 gene-knockout, exhibited increased resistance to oxidative stress induced by high concentrations of glutamate and rotenone. In those studies, rotenone increased keap1 mRNA expression ( Figure 3C ), leading to Nrf2 inactivation, and consequently decreasing the ability to resist oxidative stress, the inability to detoxify harmful molecules, and, generally, lowering cell defenses.
The elevated expression of SOD mRNAs by rotenone was normalized by BISA treatment. Our data also corroborate previous studies showing that BISA-induced gastroprotection is associated with increased SOD activity (Rocha et al. 2011a ). The effects of BISA on the usual oxidative stress markers indicate that it works through an antioxidant mechanism. Thus, the decrease in SOD mRNA expression may be related to the ability of BISA to scavenge rotenone-induced superoxide thereby removing the signals leading to SOD expression. This further suggests that BISA exerts its protective effect by counteracting superoxide anion generated by rotenone-damaged mitochondria.
Another mechanism of toxicity of rotenone is dopaminergic neuronal loss and reduction in the dopamine levels in adult flies (Coulom and Birman 2004) . Therefore, we evaluated the expression of the key protein involved in dopaminergic system signaling, tyrosine hydroxylase (TH). In our work, the levels of TH remained unaltered in flies exposed to the rotenone and with or without BISA treatment. This result is similar to that observed by Navarro et al. (2014) , showing that acute rotenone treatment (500 µM for 6 days) leads to a neurodegeneration, as evidenced by a decrease in a reporter green-fluorescent protein (GFP) signal in dopaminergic neurons, without affecting the total number of dopaminergic neurons, but suggesting an abnormal neuronal status.
Conclusion
In conclusion, the presence of BISA protects against rotenone-induced toxicity as evidenced by markedly decreasing mortality, preventing locomotor activity deficits, and normalizing expression of SOD mRNA. The protective effect of BISA was likely associated with its free radical scavenging and antioxidant actions. BISA can be used to counteract toxicity due to an environmental toxin such as rotenone. Additional experiments are necessary to clarify the mechanism of action of BISA. Fig. 1 . Effect of (-)-α -bisabolol on survival rate of flies exposed to rotenone. Data were collected every 24 h for each group. The number of flies (75 per group) was the sum of three independent experiments. Flies treated with rotenone and rotenone + BISA were followed until death of all subjects, whereas the control, and BISA alone were followed D r a f t until 20 days of treatment. Statistical analysis was performed using the Log -rank (Mantel -Cox) Test. Survival curves are significant different, with p < 0.001. Effect of (-)-α -bisabolol on survival rate of flies exposed to rotenone. Data were collected every 24 h for each group. The number of flies (75 per group) was the sum of three independent experiments. Flies treated with rotenone and rotenone + BISA were followed until death of all subjects, whereas the control, and BISA alone were followed until 20 days of treatment. Statistical analysis was performed using the Logrank (Mantel -Cox) Test. Survival curves are significant different, with p < 0.001.
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Effect of (-)-α-bisabolol on geotaxic response (climbing of flies exposed to rotenone for 7 days. The total number of flies (30 per group) represents the sum of three independent experiments (10 flies/ assay). ***Significant difference in relation to the control group, (p < 0.001); # Significant difference between ROT and flies treated with rotenone plus BISA 5 µM and BISA 25 µM (p < 0.05), ## Significant difference between ROT and ROT + BISA 250 µM (p < 0.01).
97x92mm (300 x 300 DPI) D r a f t qPCR relative gene expression of catalase (CAT) (3a), superoxide dismutase (SOD) (3b), and keap1 (3c).
Results are expressed as mean ± S.E.M (n = 3). The data are from 3 independent homogenizations of 20 flies each, and qPCR quantification was performed in duplicate. *Significant difference in relation to control group (p < 0.05), ## Significant difference in relation to ROT treatment (p < 0.01).
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Effect of (-)-α -bisabolol on total thiol content in homogenates of flies exposed to rotenone.**Significant difference in relation to control group (p < 0.01).
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Effect of (-)-α -bisabolol on mitochondrial complex I activity assayed in homogenates of flies exposed to rotenone. ***Significant difference in relation to control group (p< 0.001).
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Effect of BISA on Western blot analysis of TH in homogenates of flies exposed to rotenone.
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